Introduction {#sec1}
============

Active organic micro- and nanofibers have raised growing interest in the last decade, with fields of applications ranging from photonics^[@ref1]−[@ref4]^ to nanoelectronics,^[@ref5]−[@ref7]^ wearables,^[@ref8]^ energy conversion, and soft robotics.^[@ref9]−[@ref11]^ This has been motivated by the intriguing physical properties of this class of nanostructures, such as extremely large aspect ratio and specific surface area, remarkable optical anisotropy as well as photon transport along their longitudinal axis, enhanced charge transport, thermal conductivity, high flexibility, and mechanical robustness.^[@ref1],[@ref6],[@ref12]−[@ref15]^ In addition, organic nanofibers can be realized with compositional and functional versatility and by low-cost manufacturing and processing methods.^[@ref16],[@ref17]^ Manufacturing techniques for the realization of polymeric, elongated micro- and nanostructures are numerous and include both bottom-up and top-down approaches,^[@ref18]^ such as interfacial polymerization,^[@ref19]^ synthesis in porous templates,^[@ref1],[@ref20]^ self-assembly,^[@ref21],[@ref22]^ solution blowing,^[@ref23]^ and electrospinning.^[@ref24]−[@ref26]^

The electrospinning process, which consists of realizing nanofibers by electrified semidilute polymer solutions, has become especially popular for a number of reasons. First, it is a relatively high-throughput technology that can be effectively up-scaled to industry. Second, individual electrospun fibers, which are highly interesting for applications in nanoelectronics, photonics, and energy harvesting, can be collected by using motorized stages carrying the deposition substrate and rapidly crossing the trajectory of electrospun jets, as well as by various types of parallel electrodes supporting gaps through which fibers can be suspended, or other conductive frames.^[@ref4],[@ref27],[@ref28]^ In addition, near-field electrospinning methods can be employed to deposit individual fibers and patterns made of them in a highly controlled way.^[@ref29],[@ref30]^ Third, filament-shaped nanostructures can be electrospun with an intrinsic orientation of molecular backbones along the fiber axis, owing to solution jet high-stretching by the electrostatic field applied during the fabrication process.^[@ref13],[@ref31]−[@ref33]^ This feature might, in turn, improve charge carrier mobility, polarization properties of emitted light, and fiber stiffness. In this respect, electrospinning conjugated, i.e., conductive or light-emitting, polymers through a reliable process is highly desirable since these compounds show unique combinations of electronic, optical, and mechanical properties,^[@ref34],[@ref35]^ which make them fundamental building blocks of plastic electronics and photonics.^[@ref36]^ Designing electrospinning technologies capable of effectively processing conjugated polymers could open new application fields and perspectives for embedding electronically and optically active nanostructures within flexible, wearable, and implantable devices.

Unfortunately, notwithstanding a few successful experiments with polyphenylenevinylene, polythiophene, and polyfluorene derivatives,^[@ref5],[@ref37]−[@ref40]^ the electrospinning of conjugated polymer fibers is still a nonstandardized and challenging process. This is due to properties inherent to the materials, such as relatively low molecular weight and level of entanglement, polymer chain rigidity, the propensity to gel at high concentration, and the low solubility. Approaches to tackle these difficulties made use of blends with inert polymers that show more favorable plastic behavior and better spinnability,^[@ref41],[@ref42]^ which in principle can affect the properties of pristine conjugated molecules. In another method, conjugated polymers were segregated in the inner region of core--shell electrospun nanofibers realized from compound solution jets and surrounded by an external layer made with an easily electrospinnable polymer (polyvinylpyrrolidone).^[@ref37],[@ref38],[@ref43]^ Also, electrospinnable precursor solutions could be employed, which can then be cured to lead to conjugated polymer nanofibers, as generally performed with poly(*p*-phenylenevinylene).^[@ref44],[@ref45]^ These methods are elegant but poorly versatile in terms of conjugated polymer species as each approach relies on highly specific interfacial or polymerization chemistry and process operation. Efforts to develop a general method for the electrospinning of conjugated polymers were mainly focused on optimizing the used solvents. Good solvents for conjugated polymers are generally weakly conductive and show low boiling points, which strongly disfavors the electrospinning process.^[@ref46],[@ref47]^ Instead, binary mixtures of good and poor solvents were found to improve the electrospinnability of various compounds.^[@ref39],[@ref46]^ On the other hand, nanostructures electrospun by using a single good solvent might exhibit a higher degree of internal molecular alignment, as well as better optical performance, including a higher polarization ratio of their light emission.^[@ref31]^ Indeed, conjugated compounds are highly sensitive to the composition of their local microenvironment, which can strongly affect their electronic and emission properties through chain modifications and interactions with solution additives.

An innovative and very effective approach to improve the electrospinnability of polymers consists of preliminarily treating organic solutions by atmospheric plasmas.^[@ref48],[@ref49]^ A cold atmospheric pressure plasma (CAP) is an ionized gas consisting of electrons, positive and negative ions, excited atoms and molecules, radicals, and photons, with the electronic temperature being much higher than the macroscopic temperature. Recent work found that plasma treatments lead to the formation of smooth and bead-free polylactic acid fibers electrospun from a dichloromethane solution, without the use of other solvents with high conductivity.^[@ref50]^ The efficacy of this method was tested with several nonconjugated systems, such as poly(vinylidene fluoride) (PVDF)^[@ref51]^ and poly(ε-caprolactone) (PCL).^[@ref52]^ In this work, it is demonstrated that active, uniform, continuous, and smooth conjugated polymer fibers can be obtained by electrospinning of solutions treated by a CAP under proper process conditions. No blend, core--shell structure, or solvent mixture is needed, and purely conjugated filaments are obtained that show excellent morphology and drastic reduction of bead formation compared to fibers electrospun from untreated solutions. Furthermore, the CAP treatment leaves the pristine optical properties of conjugated polymers largely unaltered and improves significantly waveguiding of light emitted from individual fibers. These results are highly promising when designing a general route to electrospun nanostructured materials by conductive and light-emitting polymers.

Results and Discussion {#sec2}
======================

A dielectric barrier discharge (DBD) plasma jet is used on tetrahydrofuran (THF) solutions of the two conjugated polymers, poly\[(9,9-dioctylfluorenyl-2,7-diyl)-alt-*co*-(1,4-benzo-{2,1′,3}-thiadiazole)\] (F8BT) and poly\[(9,9-dioctylfluorenyl-2,7-diyl)-*co*-(1,4-diphenylene-vinylene-2-methoxy-5-{2-ethylhexyloxy}-benzene)\] (PFV, see details in [Methods](#sec4){ref-type="other"}). The chemical structures of the two polymers are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b, respectively, and the setup for CAP-treating conjugated polymer solutions is schematized in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c. For the CAP treatment, the metallic needle of the plasma source is immersed in the conjugated polymer solution (1 mL), and Ar is used as working gas upon 30 kV pulsed voltage excitation at a frequency of 22 kHz for 5 min. The duration of CAP treatment on polymeric solutions must be calibrated depending on the used solution volume since very long processes are known to not lead to further improvement in the morphology of electrospun fibers^[@ref50]^ and might lead to a large increase of concentration in polymer solutions due to solvent evaporation. In the case of conjugated polymer solutions, these aspects might be even more critical, and any potential plasma-induced deterioration of the emissive properties of the organic materials must be avoided. A bright and localized emission can be clearly seen in our polymer solutions nearby the CAP needle upon plasma activation, as highlighted by the arrows in the bottom insets of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c.

![(a,b) Chemical structures of the light-emitting conjugated polymers, F8BT (a) and PFV (b). (c) Experimental setup for CAP treatment of conjugated polymer solutions. Bottom insets, from left to right: photograph of the conjugated polymer solution under ambient illumination and of the generated discharge (highlighted by arrows) imaged with low illumination and in the dark. Scale bar = 1 cm.](am0c02724_0001){#fig1}

The morphology of F8BT and PFV fibers electrospun from either CAP-treated or pristine solutions is compared in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and in Figures S1 and S2 in the Supporting Information. The distributions of fiber diameters are shown in the corresponding insets. Scanning electron microscopy (SEM) images highlight the eventual presence of beads, inhomogeneity, or defects along the conjugated polymer fibers. Electrospun fibers from pristine conjugated polymer solutions in THF show a somehow textured surface with shallow recessed features and significant presence of irregular beads along their length ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,c), in agreement with previous reports.^[@ref31]^ Instead, fibers with a highly smooth surface are electrospun from CAP-treated solutions ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,d). In these samples, beads are absent or very rare ([Figures S1, S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02724/suppl_file/am0c02724_si_001.pdf)).

![SEM micrographs of fibers made of F8BT (a,b) and PFV (c,d), electrospun from pristine (a,c) and CAP-treated (b,d) solutions. Scale bars: 10 (a,b), 20 μm (c,d). Insets: corresponding distributions of fiber diameters.](am0c02724_0002){#fig2}

The improvement of the morphology of fibers^[@ref48],[@ref50]^ electrospun from CAP-treated solutions might be due to a number of synergetic mechanisms, which include ionization of polymer chains and solvent molecules, with a consequent increase of the overall solution conductivity, as well as enhanced intermolecular interactions between ionized species, leading to changes in the viscosity and in the surface tension. While these and other aspects have been investigated in depth in aqueous solutions,^[@ref53],[@ref54]^ much less is known about the interaction of nonthermal plasmas with organic solvents and complex molecular systems. For instance, Grande et al.^[@ref52]^ found remarkable effects from plasma on PCL in chloroform and *N*,*N*-dimethylformamide and associated the observed increase of solution conductivity and viscosity with solvent molecule degradation, formation of polar species, and expansion of the polymer coils. Similar findings were reported by Colombo et al.,^[@ref50]^ who studied the electrospinnability of polylactic acid in dichloromethane, and by Laurita et al.^[@ref51]^ for PVDF solutions in acetone/dimethyl sulfoxide mixtures, suggesting favored interactions between macromolecular chains occurring upon plasma treatment of polymeric solutions. In order to probe potential mechanisms that lead to improved electrospinnability of conjugated polymers, we first investigate the transition temperatures of here realized fibers by differential scanning calorimetry (DSC).

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b (c,d) shows the first heating scan and the second heating scan after quench, respectively, for PFV (F8BT) electrospun fibers. DSC curves of PFV fibers obtained from CAP-treated and pristine solutions do not show significant changes ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b). The only measurable thermal transition in the calorimetric curve is endothermic, around 90 °C, which is attributed to the polymer glass transition.

![DSC curves of PFV (a, first heating scans, b, second heating scans after quench) and F8BT (c, first heating scans, d, second heating scans after quench) electrospun fibers. Blue curves: fibers from pristine THF solutions. Red curves: fibers from CAP-treated solutions. Flow curves of neat F8BT solution (red curve) and CAP-treated F8BT solution (black curve) (e).](am0c02724_0003){#fig3}

Instead, for F8BT fibers, several differences in thermal transitions are evidenced during the first DSC scans ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c), as better explained below. An endothermic transition is found at about 150 °C, ascribable to a transition from a glassy to a rubbery state.^[@ref55]^ The glass transition is followed by a crystallization exothermic peak centered at about 175 °C and by a complex melting and recrystallization transition ranging from 200 to 240 °C ascribable to polymer melting into a liquid crystalline phase. The presence of the broad endotherm featuring a double melting peak can be associated with the presence of a dispersed polymer. In F8BT fibers electrospun from pristine solutions, DSC highlights heat flows associated with crystallization and melting phenomena that are significantly less intense than those observed for fibers electrospun from CAP-treated solutions. Such a difference in the first DSC scans can be explained by hypothesizing that, albeit the fast solvent evaporation during electrospinning generally limits the formation of ordered, regularly structured phases, the CAP could promote enhanced molecular interactions in the solution to induce such relatively less disordered F8BT domains. In fact, in the second heating scans after quench ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d), no difference can be observed between the two materials since melting erases the previous conformational history of the F8BT fibers. In the second scans, however, both the glass transition (∼120 °C) and the crystallization (∼140 °C) peaks are anticipated at lower temperatures, as primed by the previously reached organized phase and in agreement with literature data.^[@ref55]^ The rheological properties of pristine and CAP-treated F8BT solutions are also investigated and displayed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e as flow curves, which show the dependencies of the system viscosity (η) on the applied shear rate. The behavior of the pristine solution might be considered as pseudoplastic. In fact, the viscosity is almost constant (∼0.3 Pa s) at low shear rates, and then shear thinning occurs at higher rates. Following CAP treatment, a pseudoplastic behavior is retained with a slight decrease of the zero-shear rate viscosity value to 0.24 Pa s. It is noteworthy that the viscosity unexpectedly decreases by up to 10% in the whole range of rates applied, which is markedly different from previous results for nonconjugated polymers such as polyethylene oxide^[@ref48]^ and PVDF.^[@ref51]^ Considering the semirigid molecular structure of F8BT and its capability to assemble in liquid-crystalline structures,^[@ref55],[@ref56]^ the decrease of the solution viscosity found can be related to the enhancement of π-π stacking interchain interactions promoted by plasma, with the consequent formation of anisotropic solutions with lower viscosity typical for lyotropic liquid crystals.^[@ref57],[@ref58]^ The formation of domains with enhanced interchain interactions is further confirmed by the change of particle size and ζ-potential measured on the F8BT solution after plasma treatment. Indeed, for the pristine solution, an average particle size of (11.5 ± 0.1) nm and a ζ-potential of −41.4 mV are measured that, following CAP treatment, change to (460.0 ± 0.3) nm and −13.4 mV, respectively. Here, the low value of particle size and the highly negative electrokinetic potential in the starting solution indicate the presence of well-dispersed and disaggregated polymer chains, whereas the concomitant increases of particle size and ζ-potential suggest the onset of polymer aggregate species promoted by plasma. Finally, different morphologies are found when casting the pristine and CAP-treated F8BT solutions onto glass ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). In the case of the CAP-treated polymer, a nematic liquid crystal microstructure^[@ref59]^ can be observed through cross polarizers ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). Different domains can be observed with microstructure alignment changing across the imaging field (inset of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). Differently, cast samples from the pristine F8BT solution are not found to exhibit oriented textures ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). Taken together, these results are in line with previously suggested mechanisms,^[@ref48],[@ref50],[@ref51]^ where the improvement of electrospinnability and reduced amount of structural defects in fibers deposited upon plasma treatment of polymeric solutions might be associated with varied supramolecular interactions.

![Optical micrographs of F8BT films cast from CAP-treated (a) and pristine (b) F8BT solutions. Images are obtained through cross polarizers. Scale bar: 20 μm. Insets: zoom at higher magnifications. Scale bar: 20 μm.](am0c02724_0004){#fig4}

The generation of intense UV radiation, active radicals, and shock waves by plasma could be in principle detrimental to light-emitting polymers, potentially promoting a variety of damage mechanisms, which could include multiple possible defect activation and reactions at both side groups and at chains in conjugated molecules.^[@ref60],[@ref61]^ For instance, photo-oxidation studies in polyphenylenevinylene derivatives have shown that oxygen incorporation and defect formation leading to reduced conjugation correlate well with alteration of optical properties, such as significantly blue-shifted absorption and reduced emission yield.^[@ref60],[@ref62],[@ref63]^ To investigate the impact of the CAP treatment on the optical properties of the conjugated polymers, absorption and photoluminescence (PL) measurements are carried out on solutions and fibers, respectively ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b). For both studied molecules, the integrated PL spectra of fibers show variations in the emission peak wavelengths by less than 4% ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), and the solution absorption is almost unaltered following CAP with a peak at 428--430 nm and full width at half-maximum (FWHM), Δλ~Abs~ = 77--78 nm for PFV, and peak at 457--458 nm and Δλ~Abs~ = 80--90 nm for F8BT. The blue-shift found for the PL of electrospun PFV fibers upon CAP treatment ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) is indicative of relatively reduced energy migration^[@ref64]^ in this class of fibers. Moreover, the measured absolute PL quantum yields (QE) of fibers remain highly stable at 10 and 34% for PFV and F8BT fibers, respectively, regardless of the CAP treatment ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Overall, the CAP process performed on conjugated polymer solutions prior to electrospinning appears to offer an excellent combination of improved spinnability and well-preserved optical properties. Indeed, fibers electrospun from CAP-treated solutions of the F8BT and PFV polymers show a bright light emission, uniform along their length as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d. The spectrally resolved confocal micrographs evidence the uniformity of emission from different regions of the conjugated polymer fibers, which can be compared with that from inhomogeneities, including beads spun from pristine solutions ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02724/suppl_file/am0c02724_si_001.pdf)), which indicate the onset of different reconfigurational dynamics^[@ref65]^ and possibly local densification phenomena affecting polymer molecules during electrospinning. [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02724/suppl_file/am0c02724_si_001.pdf) shows the spatially resolved PL spectra, collected on the different fiber segments highlighted by squares in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c,d and in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02724/suppl_file/am0c02724_si_001.pdf). The spectra of fibers from CAP-treated solutions show minor differences (∼5%) in their FWHM values ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a), which may be attributed to the local aggregate formation as favored by the plasma process. Differences up to more than 10% are instead found for widths of spectra of light-emitting fibers spun from pristine solutions.

![(a,b) Normalized absorption spectra of F8BT (a) and PFV (b) solutions (dashed lines, left vertical scales) and normalized PL spectra of F8BT (a) and PFV (b) electrospun fibers (continuous lines, right vertical scales). Blue and red lines represent pristine and CAP-treated conjugated polymer solutions, respectively. (c,d) Fluorescence confocal micrographs of light-emitting fibers electrospun from CAP-treated F8BT (c) and PFV (d) solutions. Excitation wavelength = 408 nm. Scale bar = 20 μm.](am0c02724_0005){#fig5}

![(a,b) PL spectra of individual PFV fibers electrospun from CAP-treated (a) and pristine (b) solutions, measured with the analyzer axis parallel (continuous lines) or perpendicular (dashed lines) to the fiber length. Insets: corresponding distributions of polarization ratio, χ. (c,d) Polar plots of the normalized emission intensity (circles) as a function of the angle of the analyzer polarization filter axis, θ, measured with respect to the fiber longitudinal axis (θ = 0° for polarizer axis parallel to the fiber length, θ = 90° for polarizer axis perpendicular to the fiber length). (c) and (d) refer to single fiber spectra from CAP-treated (c) and pristine (d) PFV solutions, respectively. Continuous lines: best fits to data by a cos^2^(θ) law.](am0c02724_0006){#fig6}

###### Optical Properties of Conjugated Polymer Fibers, Electrospun from either Pristine or CAP-Treated Solutions[a](#t1fn1){ref-type="table-fn"}

                  F8BT          PFV                         
  --------------- ------------- ------------- ------------- -------------
  λ~PL~ \[nm\]    556           555           525           546
  Δλ~PL~ \[nm\]   78            81            80            90
  QE ± ΔQE        0.34 ± 0.04   0.34 ± 0.01   0.10 ± 0.01   0.09 ± 0.02
  α \[cm^--1^\]   190--380      1200--2000    270--500      760--1500

All the symbols are introduced in the text.

These aspects relate to the overall order of conjugated polymer macromolecules on a single fiber scale, which can also be probed by polarized micro-photoluminescence (μ-PL). Spectra from individual F8BT and PFV fibers, collected through a polarizer either parallel (PL~∥~) or perpendicular (PL~⊥~) to the longitudinal fiber axis, are shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02724/suppl_file/am0c02724_si_001.pdf) and in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, respectively. The statistical distribution of the PL polarization ratio (χ = PL~∥~/PL~⊥~), estimated on 50 fibers, indicates that, for F8BT and PFV materials spun from pristine solutions, the intensity of PL~∥~ is up to 4.5 or up to 2.0 times higher than that of the PL~⊥~ component (insets of [Figure S5a,b](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02724/suppl_file/am0c02724_si_001.pdf) and [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b). The intensity of the PL from individual fibers is also shown as a function of the angle (θ) between the longitudinal axis of the fiber and the emission polarization direction and fitted by the Malus law \[∼cos^2^(θ)\] as shown in [Figure S5c](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02724/suppl_file/am0c02724_si_001.pdf),d and [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c,d. Interestingly, the alignment of the dipole moments of the transitions from excited states is found to improve upon CAP treatment, supporting the formation of a more ordered phase. Indeed, the maximum χ values increase up to 5.0 and 3.0 for F8BT and PFV fibers, respectively, with a general improvement of polarization in emitted light (see for instance the sharper angular dependence highlighted by the curve in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c vs [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d).

Even more than the polarized emission, the improved morphology obtained by CAP remarkably affects the self-waveguiding of light emitted by conjugated polymer chromophores along the fiber length. Indeed, the optical losses in light-emitting organic semiconductor waveguides are largely affected by scattering of the guided emission due to surface roughness and defects associated with an inhomogeneous internal structure. To analyze the propagation losses of light guided by the conjugated polymer fibers, they are deposited on quartz substrates (refractive index 1.46), and the intensity of the PL signal escaping from the fiber body is collected and measured as a function of the distance from the excitation spot, *d* ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Typical PL micrographs of the light-emitting filaments obtained by CAP-treated solutions are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c,d, showing effective guiding of the photons originating from the focused excitation laser beam. For instance, the light guided along F8BT fibers is clearly appreciable for a distance of up to 0.2 mm from the excitation region ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c). The measured intensity (*I*) shows a well-behaved exponential decay upon increasing *d*, i.e., *I* = *I*~0~ exp(−α*d*), where *I*~0~ is the intensity of the fiber-coupled emission at the excitation region and α indicates the optical loss coefficient. Due to the smoother surface and uniform diameter ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b), much lower optical loss coefficients are obtained for the F8BT fibers electrospun from CAP-treated solutions (α ≅ 190--380 cm^--1^ vs α ≅ 1200--2000 cm^--1^ for fibers electrospun from pristine solutions). Similar results are obtained for PFV fibers for which the measured optical loss coefficients decrease from 760--1500 to 270--500 cm^--1^ upon CAP treatment of the electrospinning solutions. These values are in line or outperform some of the best ones reported so far for conjugated polymers in nanofibers.^[@ref66],[@ref67]^ These results are therefore highly promising in view of developing optical sensors and low-threshold lasers based on active electrospun nanofibers by CAP-treated organic solutions.

![(a,b) Spatial decays of the light intensity guided along individual F8BT (a) and PFV (b) electrospun fibers, as a function of distance, *d*, from the photoexcitation spot. Red and blue symbols are used for fibers electrospun from CAP-treated and pristine solutions, respectively. The continuous lines are the best fits to experimental data by an exponential function, *I* = *I*~0~ exp(−α*d*) (see the text). (c,d) PL micrographs of single F8BT (c) and PFV (d) fibers made from CAP-treated solutions and excited by a highly focused laser spot. Scale bar = 20 μm.](am0c02724_0007){#fig7}

Conclusions {#sec3}
===========

Smooth, bead-free light-emitting fibers are realized by electrospinning using for the first time a CAP treatment of solutions of conjugated polymer materials prior to electrospinning. Such a process promotes the production of smoother and more uniform active fibers, with well-preserved optical properties and quantum yield. The polarization of emitted light and especially the optical waveguiding capability are remarkably enhanced compared to fibers produced by standard solutions of conjugated polymers, with an up to 6-fold reduction measured for the optical loss coefficients. These results make the CAP-assisted electrospinning method highly promising for the realization of new organic and hybrid nanomaterials based on conjugated polymers for use in improved light-emitting waveguides for nanophotonics, optical sensors, and organic lasers.

Methods {#sec4}
=======

Materials and Solution Preparation {#sec4.1}
----------------------------------

F8BT (*M*~w~ = 132 kDa) and PFV (*M*~w~ = 65 kDa) were purchased from American Dye Source, Inc. THF solutions of the two polymers were prepared at concentrations of 35--70 and 50--100 mg/mL, respectively, and stirred for 12 h at room temperature. Concentrations of solutions for CAP treatment were calibrated to take into account the solvent evaporation occurring during the process.

CAP Treatment {#sec4.2}
-------------

A DBD plasma jet with a 15 cm dielectric tube made from Teflon (Ø~ext~ = 4 mm, Ø~int~ = 2 mm) was used as the CAP source. As a high-voltage electrode, an Al foil with 30 mm width was wrapped outside the dielectric tube. A 12 cm-long Cu wire (1 mm diameter) and a metallic needle (0.6 mm diameter) were inserted inside and at the end of the tube, respectively, and plasma was generated at the downstream end. Argon was used as a working gas with a flow rate of 100 sccm. The plasma source was driven by a sinusoidal high-voltage pulse generator operating at a peak voltage of 30 kV, frequency of 22 kHz, and duty cycle of 7.5%, with an average power of 6.94 ± 0.08 W. Voltage and current waveforms were collected by a high-voltage probe (Tektronix P6015A) and a current probe (Pearson 6585) connected to an oscilloscope (Tektronix DPO 40034). 1 mL of the polymer solution, which is a reliable volume to perform an electrospinning experiment, was spilled in 1.5 mL tubes (Eppendorf) and CAP-treated immersing the needle of the plasma source by 5 mm below the free surface of the liquid. The suitable duration of the CAP process (5 min) was determined in preliminary experiments to enhance electrospinnability, and the mass of the polymer solution was measured before and after CAP treatment to evaluate the amount of evaporated solvent. The solutions were electrospun or characterized immediately after the CAP treatment.

Electrospinning {#sec4.3}
---------------

Electrospinning experiments were carried out by a 1 mL syringe with a 21 gauge, stainless steel needle, a syringe pump (Harvard Apparatus) for controlled delivery of polymer solutions, a metal collector at a distance of 20--25 cm from the needle tip, and a high-voltage power supply (Glassman Series EH). Briefly, conjugated polymer solutions were transferred into the syringe and injected through to the needle at a constant rate of 0.5 mL/h. A voltage bias of 9--10 kV was applied between the syringe needle and the collector. The distance between the tip of the needle and the collector was fixed at 20 cm for F8BT and 25 cm for PVF fibers. Al foils or quartz slides were employed as fiber deposition targets. Fibers were inspected by SEM at 5 kV. The average diameter and standard deviation values of the fiber diameter distributions were calculated by analyzing ∼300 fibers from the SEM micrographs for each sample.

Calorimetry and Rheology {#sec4.4}
------------------------

DSC measurements were carried out using a TA Instruments Q100 system equipped with liquid nitrogen cooling. DSC scans were performed at a heating scan rate of 20 °C/min in a helium atmosphere. Viscosity measurements were carried out with an Anton Paar Rheometer MCR 102 using a cone-plate configuration (50 mm diameter and 1° at the cone tip). Experiments were performed at constant temperature (23 °C) controlled by an integrated Peltier system and a Julabo AWC100 cooling system. A solvent trap (H-PTD200) was used to limit solvent evaporation during measurements. The flow curves of both untreated and plasma-treated solutions of F8BT (70 mg/mL) were acquired at shear rates ranging from 0.3 to 100 s^--1^.

Light Scattering {#sec4.5}
----------------

Dynamic light scattering from the conjugated polymer solutions was studied by a Malvern Zetasizernano-S working with a 532 nm laser beam. ζ-potential measurements were performed at 25 °C with a dip cell ZEN1002 for organic solutions, used in combination with a glass cell (PCS1115). A 1:500 dilution was used for 70 mg/mL F8BT solutions for reliable ζ-potential measurements.

Spectroscopy {#sec4.6}
------------

Confocal fluorescence mapping was performed by using a laser scanning microscope (Nikon A1R-MP) equipped with a spectral scan head. The confocal system consisted of an inverted microscope (Eclipse Ti, Nikon), a 20× objective (numerical aperture N.A. = 0.50), and an excitation laser source (λ = 408 nm). The sample emission was collected through the microscope objective, and the intensity was evaluated by the spectral detection scan head fitted out with a multianode photomultiplier. UV--visible absorption spectra of conjugated polymer solutions were collected by using a spectrophotometer (Lambda 950, Perkin Elmer). PL spectra were measured exciting samples by a continuous wave (CW) diode laser (λ = 405 nm, μLS Micro Laser Systems, Inc.) and collecting the emission by a spectrometer (USB 4000, Ocean Optics) through an optical fiber. The absolute quantum efficiency (QE) of the electrospun fibers was estimated by using an integrating sphere (Labsphere), excited by the CW diode laser and measuring PL by a fiber-coupled spectrometer.^[@ref68]^ The spectra were corrected for the spectral response of the apparatus (integrating sphere, optical fiber, and spectrometer). The polarization properties of single active fibers were probed by using a μ-PL system, which is based on an inverted microscope (IX71, Olympus). A laser beam (λ = 405 nm) was focused onto individual fibers exploiting a dichroic mirror and through the microscope objective (N.A. = 0.5, Olympus, spot diameter of a few microns). A rotating polarized analyzer was used for characterizing the emission polarization state of the individual fibers whose PL was spectrally analyzed by the optical fiber coupled spectrometer. Fiber waveguiding properties were also investigated by the μ-PL system, further equipped with a Peltier-cooled charge-coupled device (Leica, DFC 490). Part of the light emitted by the excited fiber region was coupled into the polymer filament and then waveguided. The optical loss coefficient was estimated analyzing the spatial decay of the light intensity diffused by the fiber surface, as a function of the distance from the exciting laser spot. A polarized optical microscope (Zeiss Axioscope) was used to inspect depositions from CAP-treated and pristine polymer solutions, cast on glass slides and following THF evaporation.
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